Abstract-Innovative systems with increased sensitivity and resolution are in great demand to detect diversion and to prevent misuse in support of nuclear materials management for the U.S. fuel cycle. Nuclear fission is the most important multiplicative process involved in non-destructive active interrogation. This process produces the most easily recognizable signature for nuclear materials. High-energy gamma rays can also excite a nucleus and cause fission through a process known as photofission. After photofission reactions, delayed signals are easily distinguishable from the interrogating radiation. LINAC based, advanced inspection techniques utilizing the fission signals after photofission have been extensively studied for homeland security applications. Previous research also showed that a unique delayed gamma ray energy spectrum exists for each fissionable isotope. Isotopic composition measurement methods based on delayed gamma ray spectroscopy will be the primary focus of this work.
I. INTRODUCTION
I n photofission reactions, four types of radiation can be used as signature signals for material identification and quantification: prompt photons, prompt neutrons, delayed photons and delayed neutrons. Although prompt signals are much stronger than the delayed signals, it is difficult to quantify them in practical measurements. The reason they are hard to measure is that they tend to be buried by the more intense probing radiation. Delayed signals are emitted seconds or even minutes after the photon irradiation making it easier to be distinguished from the interrogating radiation. LINAC based, advanced inspection techniques utilizing the delayed signals after photon induced fission have been extensively studied for homeland security applications [1] [2] [3] [4] [5] [6] . Previous research also showed that a unique delayed gamma ray energy spectrwn exists for each fissionable isotope [7] [8] . Isotopic composition measurement methods based on delayed gamma ray spectroscopy will be the primary focus of this project.
The primary focus of this work is to study active interrogation methods based on delayed gamma ray spectroscopy following photon induced fission, for Materials Protection, Accountancy, and Controls Technologies
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(MP ACT). Delayed gamma rays are emitted seconds or minutes after the induced fission. Approximately, 6 to 8 delayed gamma rays are emitted following each fission process. This is over 100 times stronger than the yield of delayed neutrons. Delayed gamma ray energy spectrwn is unique for each fissionable isotope. Although quite rich and complicated, delayed gamma ray spectra can be measured and analyzed using modem high resolution gamma spectroscopy systems. The relative amplitudes of certain lines vary significantly from one isotope to another. This is a result of the difference in photofission yield distribution of various isotopes. For example, discrimination ratio, measured as the intensity ratio between the 1103 keY Y-97 peak and the 1032 keY Rb-89 peak, was observed to be significantly different between U-235, Pu-239 and U-238 [7] [8] . Observations like this can be utilized to measure isotopic composition in nuclear material samples. Some examples are shown in Table 1 .
Previous research has shown that delayed gamma ray spectra emitted by fission products can be measured in seconds or even minutes after the induced fission using high purity germanium (HPGe) detectors [9] . Both the energy information and the temporal behavior (i.e. the decay half-life) of the observed gamma ray peaks can be used to identify and quantify fission products, as shown in Figure 1 . Using the knowledge on photofission yield distribution of various isotopes, the isotopic composition of the sample can then be deduced. 
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The intensity of the delayed gamma rays decreases rapidly after the induced fission. Thus, the detection sensitivity can be dramatically increased by performing the measurements shortly after the induced fission reactions. Previous research shows that this can be accomplished using innovative digital electronics [10] . The performance of using photofission technique for direct measurement of plutonium in spent fuel will be thoroughly investigated in this proposed project. 
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Shi el di ng Spectra were measured using this method, with both DU and HEU samples. Full energy peaks from fission products have been observed and identified in these spectra. Although counting in interlace mode is easy to implement, short-lived fission products are hard to identify and quantify based on spectra measured this way. Shorter-lived isotopes die away faster after each LINAC pulse. Thus, after the irradiation period, the only short-lived isotopes measured were produced at the end of the irradiation. On the other hand, the measured 96 activity of long-lived isotope is the integral activity over the whole irradiation period. As shown in Fig. 3 below, the shorter-lived Sr-94 is less prominent than the longer-lived Cs-138, although Sr-94 has a larger fission yield. Fig. 3 . A delayed gamma ray spectrum measured in the interlace mode showing peaks from Sr-94 and Cs-138.
B. Delayed Gamma Spectra Measured in between LlNAC Pulses
Interlace mode measurements described above are straight forward and put less stress on the electronics and detectors.
However, the majority of fission products have relatively short half-lives. After being produced during each LINAC pulse, these fission products quickly decay away. In interlace mode, for short-lived fission products, only the last few pulses would make contribution to the final spectrwn. In order to capture short-lived isotopes and increase the sensitivity of the measurement, it is preferred that spectrometry measurements be performed in between LINAC pulses. Because of the huge energy deposition during each pulse, the detector and front end electronics are saturated for a relatively long time period (�tens of ms). After this, the baseline slowly returns to zero, as shown in Fig. 4 . Traditional shaping methods cannot handle this behavior very well, so the measurements have to be gated.
In the following measurement, the LINAC was running at 20 Hz, i.e. the time interval between two adjacent pulses is 50 ms.
After each pulse, the MCA waits for 20 ms before starting processing incoming signal. The counting continues for 20 ms before the MCA is disabled right before the next pulse hits.
Using this method, delayed gamma spectra were measured with both a DU sample and a HEU sample, as shown in Fig. 5 .
Peaks from fission products (e.g. Sr-94 and Cs-138) are clearly observable, despite the fact that our counting time was quite limited (� 500s with at least 50% dead time). Because of the poor counting statistics and the low detector efficiency at higher energies, we were not able to quantitatively study the difference between REU and DU spectra. The degradation in energy resolution caused overlapping between gamma peaks from the check source and fission products, which makes it even harder to analytically report the measurement results. 
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� . Using this interface, we were able to configure and control the digitizer. In the initial test, the digitizer is triggered by the LINAC pulses. During the measurements, the LINAC was running at 10 Hz, i.e. the time interval between two adjacent pulses is 100 ms. The digitizer is configured to record data for 120 ms each time it is triggered. The figure below shows the output signal from the pre-amplifier after a LINAC pulse.
As can be observed, the detector output is saturated for To implement pile-up rejection, two channels are designed.
The output signal from the pre-amplifier are passed through these two channels in a parallel manner: a fast channel for timing and a slow channel for energy information. The figure   below shows the original signal (blue) and the outputs from the fast (red) and slow channel (black). It can be observed that the energy resolution achieved using the customized DSP algorithm based on trapezoidal filters is very comparable to the results obtained using commercially available software. The next step in this work is to optimize this customized DSP algorithm for high-throughput applications.
V. CONCLUSIONS AND FUTURE WORK
Active interrogation techniques based on delayed gamma rays emitted by photofission products are being developed for nuclear safeguards applications. The ultimate goal is to directly measure Pu-239 content in nuclear spent fuel. The results from an initial testing were discussed. Energy spectra of delayed gamma rays were measured in both interlace mode and in between LINAC pulses. A simulation platform is being developed using MCNPX simulation package. To address the ultra-high throughput rate need for spent fuel measurements, spectrometry systems based on digital signal processing technology is under investigation. Currently, the shaping algorithm is limited to trapezoidal shaping. Other algorithms are to be implemented and evaluated.
